ABSTRACT
Introduction
We present an alternative technique for obtaining the conductivity magnitude and phase of tissue as a function of frequency. The method is based on the electrical transient response of a tissue specimen to a current pulse. This technique is an application of a method first proposed by Teorell [l] which he applied to equivalient circuit models of tissue. Our investigations suggest that this method can be applied to tissue conductivity measurements and provides a viable alternative to other techniques reported in the literature.
The method incorporates the strusdard four electrode configuration, shown in Fig. I ., and u:sed by other authors to measure tissue conductivity [2] . The traditional method used to measure tissue conductivity as a function of frequency is based on a swept frequency technique. In the swept 0-7803-381 1 -1/97/$10.00 QIEEE frequency technjque, the tissue is stimulated with a sinusoidal current source. The frequency of the sinusoid is swept in increments and' the conductivity is measured at each To calibrate and verify the pulse transient technique, we used simple RC circuit combinations. In addition, we tested the system with poultry and pork skeletal muscle tissue and measured Rhe anisotropic conductivity magnitude in the directions parallel and perpendicular to the muscle fibers.
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Theory

A. Parallel RC Circuit Impedance
For a parallel RC circuit, the impedance Zfl, as a function of frequency, is shown in (1).
This equation is derived from the parallel impedance relationship where the overall impedance is represented as a complex number.
B. Anisotropic Conductivity of Skeletal Muscle Rssue
Skeletal muscle tissue is anisotropic because the conductivity measured in the direction parallel to the muscle fibers will be greater than the conductivity in the perpendicular direction [3] . A formula that relates the measured potential between the inner two electrodes and the anisotropic conductivities, using the four electrode configuration, has been derived by Rush The conductivity in the high and low directions, @ h f l and u,fl respectively, are also written explicitly as functions of frequencies. Another important parameter in conductivity measurements is the inter-electrode spacing d as shown in Fig. 1 .
III. Methodology
A simplified block diagram of the instrumentation used in pulsed transient impedance measurements was illustrated in Fig. 1. An isolated current stimulator, Dogwood model CMS1-200, was used to inject and remove current through the two outer current electrodes shown in Fig. 1 . The current pulse width can be set in five incremental steps for pulse widths from 100 ps to 2 ms and the amplitude of the excitation current pulse is adjustable ftom approximately 50 pA to 100 mA.
For the measurements presented, pulse widths of 100 ps were used. Theoretically it would be advantageous to use as narrow pulses in time as are practical since the energy content of these pulses would be relatively greater at higher frequencies which would allow for an improved broadband signal to noise ratio. In order to measure the current pulse as a function of time, a 20.3 kn resistor was placed in series with each of the two current electrodes. Tbe time waveform of the potential drop across this resistor was measured after a simple voltage follower stage constructed with an Analog Devices OP-27 low noise operational amplifier.
We measured the potential between the two inner electrodes using a National Semiconductor LM363D instrumentation amplifier with a gain of 100. Both the %Gal from the instrumentation amplifier and the voltage follower were sampled at 300 kHz using an AID board, National Instruments AT-MIO-16E-1. A sampling program was implemented in LABVIEW and the sampled data was synchronously averaged and recorded using the application software that we developed.
N. Results and Discussion
The impedance magnitude and phase of several parallel RC circuits were obtained using the pulsed transient technique. Fig. 2 . shows a measurement of the impedance magnitude and phase for a parallel RC circuit with a resistance of 100 fl and a capacitance of 1.47 pF. Superimposed on this plot is the simulated impedance of this circuit calculated using PSPICE. These measurements were made with 100 ps current pulses As would be expected, the impedance magnitude at low frequencies for this circuit tends to 100 Q.
At a frequency of 1.88 IrHz, the impedance magnitude drops to 50 Q, half of its low frequency value. The half value impedance frequency, obtained from the measured data, corresponds with the theoretically calculated value. In addition to the simple circuit tests mentioned above, in vitro measurements were made on pork and poultry skeletal muscle tissue. The formulas for the conductivity in (2) were applied to these measurements to obtain the frequency dependent curves shown in Fig. 3 . of the conductivity magnitude and phase in the directions parallel and perpendicular to the muscle fibers. An inter-electrode spacing of 1 mm ?c 100 pm was used for these measurements. Placement of the electrodes was made using a stereoscopic microscope and a glass retlicle with 100 pm divisions that was physically placed on the tissue specimen. Current pulses between 400 PA and 500 pA were used to make the measurements shown in Fig. 3 . As can be seen from Fig. 3 ., the conductivity parallel to the muscle fibers was greater across most of the band which is as expected. In general, the conductivity ntagnitudes that we obtained were greater than would be expected. These results afe likely due to the fact that our measurements were not made on fresh animal tissue. 
V. Conclusion
We have presented an alternative method for obtaining the magnitude and phase of the conductivity as a function of frequency in tissue. A principle limitation of the technique is the bandwidth of the conductivity that is obtainable from these measuremtmts. For the current pulse magnitudes that we have used in our experiments, bandwidth limitations are less than half of the inverse width of the current pulse. The bandwidth limitation can be overcome by using a more narrow current pulse to excite the tissue however limitations associated with the sampliug hardware place a lower limit on the usable cumnt pulse width. It was found that in most cases, digital filtering of the time domain waveforms was required.
